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We propose and experimentally demonstrate a scheme to generate optically-controlled delays
based on off-resonant Raman absorption. Dispersion in a transparency window between two neigh-
boring, optically-activated Raman absorption lines is used to reduce the group velocity of broadband
765 nm pulses. We implement this approach in a potassium titanyl phosphate (KTP) waveguide
at room temperature, and demonstrate Raman-induced delays of up to 140 fs for a 650-fs duration,
1.8-THz bandwidth, signal pulse; the available delay-bandwidth product is ≈ 1. Our approach is
applicable to single photon signals, offers wavelength tunability, and is a step toward processing
ultrafast photons.
The effective operation of communication networks re-
quires the ability to buffer and control the movement of
information, whether in a postal service [1], or a quantum
network [2]. All-optical controls are particularly desir-
able for classical and quantum photonic communication
systems because manipulations can be effected rapidly,
enabling high-bandwidth operations. The need for pho-
tonic propagation controls has motivated much research
toward the development of slow light devices. These tech-
nologies modify the dispersion relationship between pho-
ton energy and momentum to reduce the group veloc-
ity of optical pulses; for example, using dispersion close
to a reflection resonance in periodically-structured pho-
tonic media, or material dispersion associated with opti-
cal resonance features causing gain or loss [3]. Potential
network applications of slow light include optical switch-
ing, signal synchronization, and buffering for all-optical
routers [4]. In addition, slow light offers the prospect
of improved optical sensing [5], and enhanced nonlinear
interactions [6–8].
Periodically-structured media slow light near reflec-
tion resonances, where energy is transferred between
strongly-coupled forward- and backward-propagating
waves, thereby reducing the group velocity [6]. Bragg
gratings offer a simple implementation, however, more so-
phisticated coupled resonator structures are necessary to
reduce the group velocity while minimizing higher-order
dispersion which distorts the shape of pulses. For exam-
ple, cascaded Bragg gratings [9], Moire´ gratings [10, 11],
ring resonators [12], and photonic crystal structures [13–
17] have all been used to demonstrate slow light. How-
ever, such structures offer limited tunability and lack
continuous optical control when compared with optical
absorption and gain resonance techniques.
Slow light has been achieved for pulses tuned between
absorbing resonances in an atomic vapour [18–22]. In
one demonstration, pulses as short as 275 ps were de-
layed by up to 6.8 ps [19]. Motivated by the desire for
optical control of slow light, a variety of nonlinear phe-
nomena have been exploited, including, stimulated Bril-
louin scattering (SBS) [23, 24], stimulated Raman scat-
tering (SRS) [25], and electromagnetically-induced trans-
parency (EIT) [26, 27]. In EIT, a control field opens a
narrow transparency window within an absorption line.
The steep dispersion in the transparency window strongly
reduces the group velocity of probe radiation, and the
resulting slow light can be used to produce efficient non-
linear interactions [7, 8]; however, linewidth limitations
typically restrict the use of EIT to narrowband pulses
with MHz bandwidth [28]. Alternative methods which
use gain features arising from SBS [23] and SRS [25] have
been demonstrated with higher-bandwidth pulses, with
durations of 15 ns and 430 fs, respectively. Techniques
which use gain can produce noise photons; such methods
are therefore unsuitable for quantum information, and
communication, protocols which rely on photon count-
ing.
In this letter, we propose and experimentally demon-
strate an all-optical scheme for slow light, suitable
for ultra-broadband single photons. Our technique is
broadly tunable, and can be implemented in molecular
ensembles, atomic vapours, and solids. The scheme re-
duces the group velocity of ultra-broadband signal pho-
tons using off-resonant Raman absorption. As shown in
Fig. 1(a), the signal pulse of frequency ωsig copropagates
with a strong, near-constant intensity, control pulse of
frequency ωc through a medium with a double-Λ-level
structure. Dipole transitions between the three lower
states and the upper manifold of states |m〉 are permit-
ted, resulting in Raman coupling of levels |1〉 → |2〉 and
|1〉 → |3〉 when the control and signal pulses are applied.
The gradient in linear dispersion between two absorption
lines can be used to reduce or increase the group velocity
of light [18, 20]. Here, this is achieved for the signal field
by setting (ωsig−ωc) = ω2−ω1 + ∆/2 = ω3−ω1−∆/2,
where ~∆ is the energy splitting of levels |2〉 and |3〉,
and ~ωk is the energy of level |k〉. The control and signal
pulses have bandwidths δωc and δωsig, respectively, satis-
fying δωc  δωsig < ∆ such that the control pulse inten-
sity is near-constant for the duration of the signal pulse.
The signal pulse experiences group velocity dispersion
from each of the two Raman absorption lines, but ab-
sorption losses are minimized by the detuning from two-
photon resonance. This Raman scheme enables fast con-
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FIG. 1. (Color online) Diagram of (a) the generic level configuration, and (b) the experimental layout, of our scheme. The
signal field is coupled near two-photon resonance with two Raman-accessible states (|2〉 and |3〉).
trol and broad tunability of the dispersion by switching
the intensity and wavelength of the control pulse. In con-
trast to slow light techniques which involve gain in an am-
plifier, we expect this scheme to be suitable for control-
ling single photon pulses while maintaining their quan-
tum character. The speed and quantum-compatibility of
this method make it an attractive tool for pulse sequenc-
ing in quantum key distribution, for example [29, 30].
The layout of our experiment is shown in Fig. 1(b).
The signal and control pulses are generated using a Co-
herent RegA Ti:sapphire laser system which outputs 160-
fs pulses, centered at 795 nm, at a repetition rate of
49 kHz. The beam is partitioned at a beam splitter
(BS) and the transmitted beam is focused into a sap-
phire plate to generate a white light continuum spectrum
by self-phase modulation [31]; the white light spectrum is
spatially- and spectrally-filtered to create the signal pulse
for the slow light interaction. The beam reflected by the
beam splitter is sent to an optical delay line (τ1). This
beam is subsequently partitioned to create a control pulse
for the slow light interaction and a reference pulse; the
reference pulse, duration τref ≈ 160 fs, is sent to a cross-
correlator with variable delay (τ2) for measurement of the
slow light. The signal and control beams are combined
at a polarizing beam splitter (PBS) and sent through
an amplitude 4f pulse shaper which allows independent
spectral control of each beam by translating knife edges
in the focal plane of the shaper [32]. We spectrally-filter
the control spectrum to < 1 nm bandwidth, centered at
λc = 795 nm; the control pulse has a full-width at half
maximum (FWHM) duration of τc = 4 ps. With no fil-
tering in the 4f shaper, the signal spectrum spans the
range 755 nm . λsig . 780 nm. After filtering, the signal
pulse has a FWHM bandwidth of 3.6 nm, corresponding
to a Fourier-limited pulse duration of τFLsig ≈ 490 fs. The
control pulse, energy Ec = 14.3(8) nJ, and signal pulse,
energy Esig = 40(1) pJ, are then focussed into a 3 cm-long
potassium titanyl phosphate (KTP) single-mode waveg-
uide [33, 34]. At the output of the waveguide, the beam
is collimated and sent to a spectrometer (Ocean Optics
HR4000), or to a background-free, non-collinear, cross-
correlation setup [32]. The cross-correlation setup allows
measurement of the signal pulse arrival time and tempo-
ral intensity profile by type-I sum-frequency generation
(SFG) with the reference pulse in a 200-µm-thick beta-
barium borate (BBO) crystal. The SFG cross-correlation
signal is detected using a photo-multiplier tube (PMT),
and boxcar-integrated for data acquisition.
The KTP crystal is Z-cut, with a waveguide written
in the X-direction; the mode field-diameter is ∼ 4µm.
The control and signal pulses propagate in the X-
direction, each with Z-polarization. In this configura-
tion [X(ZZ)X], KTP exhibits multiple vibrational Ra-
man peaks in the Stokes spectrum on the interval from
∼50 cm−1 to ∼850 cm−1 shift [35, 36]. In Fig. 2, we
plot the signal Raman absorption spectrum between
758 nm and 778 nm, measured by temporally-overlapping
the unfiltered signal pulse with the control pulse in the
waveguide. The Raman absorption A(λ) is given by
A(λ) = 1 − Ionsig(λ)/Ioffsig(λ), where Ioff (on)sig (λ) is the sig-
nal spectral intensity at wavelength λ output from the
waveguide with the control pulse off (on). The spectrum
shows absorption peaks at 759.4 nm and 772.4 nm, sep-
arated by a ‘window’ of lower absorption in the range
763 nm. λsig .768 nm. This absorption structure repli-
cates the doublet required for Raman slow light. The 4f
pulse shaper is used to filter the signal spectrum to fit in
the absorption window as shown in Fig. 2 (control pulse
off, dashed, blue curve); when the control pulse is turned
on (solid, green curve), the signal intensity is reduced by
≈ 35% due to Raman absorption.
In Fig. 3, we plot the normalized intensity cross-
correlation of the signal pulse with the control pulse
on and off. The cross-correlation has a FWHM dura-
tion of τxc = 675 fs, giving a signal pulse duration of
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FIG. 2. Right-hand ordinate: plot of the measured Raman ab-
sorption spectrum of the KTP waveguide (red curve) showing
absorption peaks at 759.4 nm and 772.4 nm. Left-hand ordi-
nate: the signal spectrum, pre-filtered in the 4f -shaper, and
measured at the output of the waveguide, is plotted with the
795 nm control pulse off (blue, dashed curve), and on (green,
solid curve), showing that the control pulse causes Raman
absorption of the signal pulse.
τsig ≈
(
τ2xc − τ2ref
)1/2
= 650 fs, such that τsig > τ
FL
sig be-
cause the signal is chirped by dispersion in the waveguide.
Figure 3 shows that the normalized cross-correlation with
the control pulse on (green, solid curve) is delayed in
time relative to the case with the control pulse off (blue,
dashed curve). The mean pulse delay can be measured
by the first moment, or mean, of the cross-correlation
intensity,
〈τ〉 =
∫
τI(τ)dτ∫
I(τ)dτ
∣∣∣∣
control on
−
∫
τI(τ)dτ∫
I(τ)dτ
∣∣∣∣
control off
,
where I(τ) is the cross-correlation intensity as a function
of the delay τ between the signal and reference pulses.
In the inset of Fig. 3, we plot the mean pulse delay 〈τ〉
as a function of the input control pulse energy, showing
a smooth increase in the delay from zero up to 140 fs at
the maximum control pulse energy of 14.3(8) nJ.
We model our scheme assuming an ensemble system
with the level configuration shown in Fig. 1(a) with
two Raman-accessible states (|2〉 and |3〉). The signal
is optically-coupled to these states, and the two-photon
transition is tuned to a point between the two Raman
absorption lines. By adiabatic elimination of the high-
energy |m〉-states, and assuming that dipole transitions
|1〉 ↔ |2〉 and |1〉 ↔ |3〉 are negligible, we derive the fol-
lowing Maxwell-Bloch equations for this system [1, 2, 39],
˙ˆ
Q31(z, t) = −Γ3Qˆ31(z, t)− iκ13E∗c (z, t)Eˆsig(z, t)e−i
∆
2 t
(1)
˙ˆ
Q21(z, t) = −Γ2Qˆ21(z, t)− iκ12E∗c (z, t)Eˆsig(z, t)ei
∆
2 t,
(2)
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FIG. 3. Plot of the normalized cross-correlation intensity be-
tween the reference pulse and the signal pulse output from
the waveguide with the control pulse off (dashed, blue curve)
and on (solid, green curve). The signal pulse is delayed rela-
tive to the reference pulse due to Raman interaction with the
control pulse. Inset: a plot of the signal delay as a function of
control power, measured using the first moment of the cross-
correlation intensity 〈τ〉; we measure delays of up to 140 fs.
(
∂z +
1
c
∂t
)
Eˆsig(z, t) = iEc(z, t)[β31Qˆ31(z, t)e
i∆2 t
+ β21Qˆ21(z, t)e
−i∆2 t]. (3)
Here, Eˆsig(z, t), Ec(z, t) and Qˆij(z, t) are slowly-varying
components, respectively, of the signal field, control field,
and coherences in the medium between states |i〉 and
|j〉, as a function of propagation coordinate z and time
t; we ignore transverse field effects and consider prop-
agation over a distance L. The frequency spacing be-
tween the two Raman lines is denoted by ∆, and Γ2,3
are absorption linewidths; the coupling coefficients are
κij =
∑
m dimdmj [(ωmi − ωsig)−1 + (ωmi + ωc)−1] and
βij = 2piN~κij/c, where N is the number density and
dij = 〈i|dˆ|j〉/~ is the matrix element of the dipole op-
erator dˆ. Note that we have assumed fixed population
in the ground and Raman states because the population
transfer is negligible with a weak signal field.
Equations (1-3) can be solved numerically to demon-
strate the Raman-induced group delay. However, the
most important features of our scheme can be captured
through an analytical solution by assuming a control field
with constant intensity. As shown in the supplemental
material [39], we can analytically find the linear response
function and consequently describe the loss and group de-
lay as a function of the peak optical depth of the medium.
Assuming that the absorption lines have the same Raman
couplings and linewidths, such that κ12β21 = κ13β31 and
Γ = Γ2 = Γ3, respectively, we show that the group delay
τg is given by,
τg = d0
Γ(∆2/4− Γ2)
(∆2/4 + Γ2)2
,
4with an associated loss in dB of,
η = d0
10
ln(10)
2Γ2
∆2/4 + Γ2
,
where d0 = k0Lκ12β21|Ec|2/Γ is the Raman peak optical
depth in resonance with each Raman line, and k0 is the
wavevector of the signal centre frequency.
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FIG. 4. (Color online) Group delay and loss with respect to
the Raman peak optical depth. We assume Γ = 1 THz and
∆ = 6.8 THz, such that the absorption and dispersion based
on the model resemble that of the experiment; see Fig. SI 1
in the supplemental material [39]. The inset shows the delay-
bandwidth product, where the bandwith is ∆− Γ.
The expected group delay and loss are shown in Fig. 4
for Γ = 1 THz and ∆ = 6.8 THz as a function of the
peak optical depth. The parameters ∆ and Γ are chosen
such that the response function (derived from our theo-
retical description) matches the measurement results; see
Fig. SI 1 in the supplemental material [39]. The delay-
bandwidth product can be defined as a more explicit mea-
sure of our scheme’s performance. Assuming that the
available bandwidth of the transparency window is given
by ∆−Γ, we plot the theoretical delay-bandwidth prod-
uct in the inset of Fig. 4. A delay-bandwidth product of
1 means that the delay will be equal to the transform-
limited signal duration if all of the available bandwidth
is used. For our parameters this can be achieved at
d0 ≈ 2.5, which is demonstrated for one of the Raman
absorption peaks in our experiment.
The measurement results in the inset of Fig. 3 for delay
vs. power slightly deviates from our predicted linear de-
pendence shown in Fig. 4. This is because the Lorentzian
lineshapes used in the theoretical model result in negli-
gible group delay dispersion (GDD) in the transparency
window; however, in the experiment, the more compli-
cated wavelength dependence of the absorption spectrum
(see Fig. 2) causes GDD which results in the nonlinear
dependence of Fig. 3 (inset) [39].
In summary, we have introduced a Raman-based
scheme for generating optically-induced slow light, and
demonstrated it in a KTP waveguide which provided
a transparency window with approximately 5.8 THz of
bandwidth. Using a signal pulse at 765 nm with 1.8 THz
bandwidth, corresponding to a Fourier-limited pulse du-
ration of 490 fs, we achieved power-dependent delays of
up to 140 fsec.
The operational bandwidth of our scheme is deter-
mined by the medium; the delay depends on the control
field intensity, frequency spacing between Raman levels,
and Raman linewidths. Given that we use linear dis-
persion between two absorption lines, temporal delay is
accompanied by loss. Delay per loss remains independent
of the peak optical depth and only depends on the fre-
quency spacing between the Raman absorption lines, and
the Raman linewidths. For the theoretical parameters
modelled, a delay-bandwidth product of 1 corresponds
to ≈1.5 dB loss. The loss can be reduced by using a
medium with narrower Raman linewidths.
In principle, due to the use of absorption features,
rather than gain features which add noise photons to the
delayed signal pulse, our scheme can be implemented to
process single-photons. Furthermore, noise photons cre-
ated by Raman scattering of control photons from ther-
mal excitations could be spectrally-filtered to preserve
the single photon charactersitics of the signal. Thanks to
the off-resonant Raman coupling, the delay can be con-
trolled optically, delivering frequency tunability, and the
possibility of operating on multiple signals concurrently
by frequency-multiplexing. Furthermore, alternative me-
dia with more Raman lines can be considered to provide
multimode functionality with one control field. For ex-
ample, ro-vibrational manifolds of liquid or gas phase
molecular ensembles in hollow-core fibres are attractive
candidate systems [40]. We expect that this scheme will
find use in ultrafast quantum processing applications,
perhaps in combination with a frequency-shifter [41, 42]
for pulse sequencing, for example [43, 44].
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Supplemental Material for “Ultrafast slow-light: Raman-induced delay of
THz-bandwidth pulses”
EQUATIONS OF MOTION
We describe here the equations of motion that are used for deriving the Maxwell-Bloch equations [SI1, SI2]. The total
Hamiltonian (Htot) driving dynamics of the system includes the internal energy of states of the medium and interaction
with electromagnetic fields based on the dipole approximation. Using the Heisenberg relation (dOˆdt =
i
~
[
Htot, Oˆ
]
+ ∂Oˆ∂t ),
6one can derive the following set of equations,
dρˆ31
dt
= iω31ρˆ31 + i
∑
m
d1mEtotρˆ3m − i
∑
m
dm3Etotρˆm1 (SI1)
dρˆ21
dt
= iω21ρˆ21 + i
∑
m
d1mEtotρˆ2m − i
∑
m
dm2Etotρˆm1 (SI2)
dρˆm1
dt
= iωm1ρˆm1 − id1mEtot(ρˆ11 − ρˆmm)− id3mEtotρˆ31 − id2mEtotρˆ21 (SI3)
dρˆ3m
dt
= iω3mρˆ3m − idm3Etot(ρˆmm − ρˆ33) + idm1Etotρˆ31 (SI4)
dρˆ2m
dt
= iω2mρˆ2m − idm2Etot(ρˆmm − ρˆ22) + idm1Etotρˆ21, (SI5)
where ρˆij = |i〉〈j| and Etot = Ec(z, t) + Eˆsig(z, t). The function Ec(z, t) = Ec(z, t)ei(ωct−kcz) + E∗c (z, t)e−i(ωct−kcz)
denotes the control field and Eˆsig(z, t) = Eˆsig(z, t)ei(ωsigt−ksigz) + Eˆ†sig(z, t)e−i(ωsigt−ksigz) represents the signal field.
The dipole matrix elements are dij = 〈i|dˆ|j〉/~, and ωij is the angular frequency of transition from |j〉 to |i〉. As
shown in Fig. 1(a), the |m〉-states represent the excited state manifold.
In order to eliminate the excited state dynamics, we integrate equations (SI3-SI5) from the above set and use the
result to rewrite the dynamics of ρˆ31 and ρˆ21. We neglect the Stark shift term and eliminate the fast-rotating terms
compared to slowly-varying components. For a scatterer at position z, this results in,
dρˆ31
dt
= iω31ρˆ31 − iκ13E∗c (z, t)Eˆsig(z, t)e−i
∆
2 t × (ρˆ11 − ρˆ33)eiω31tei(kc−ksig)z, and, (SI6)
dρˆ21
dt
= iω21ρˆ21 − iκ12E∗c (z, t)Eˆsig(z, t)ei
∆
2 t × (ρˆ11 − ρˆ22)eiω21tei(kc−ksig)z, (SI7)
where,
κ1i =
∑
m
d1mdmi
(
1
ωm1 − ωsig +
1
ωm1 + ωc
)
.
We rewrite the above equations for slowly-varying components (Qˆij) of the matter coherences (ρˆij); this leads to,
dQˆ31
dt
= −Γ3Qˆ31 − iκ13E∗c (z, t)Eˆsig(z, t)e−i
∆
2 t × (Qˆ11 − Qˆ33), and, (SI8)
dQˆ21
dt
= −Γ2Qˆ21 − iκ12E∗c (z, t)Eˆsig(z, t)ei
∆
2 t × (Qˆ11 − Qˆ22), (SI9)
where Qˆν1(t) = ρˆν1e
−iων1te−i(kc−ksig)z for ν = 2, 3 and Γν are linewidths associated to |ν〉 Raman lines. We assume
a cylindrically-shaped ensemble of length L along the z (propagation) direction and we define collective operators by
averaging over all scatterers with a slice of length ∆z with Nz atoms (or molecules). Assuming that Nz  1 and that
all of the scatterers are initially in state |1〉, we can simplify the above Bloch equations to
˙ˆ
Q31(z, t) = −Γ3Qˆ31(z, t)− iκ13E∗c (z, t)Eˆsig(z, t)e−i
∆
2 t (SI10)
˙ˆ
Q21(z, t) = −Γ2Qˆ21(z, t)− iκ12E∗c (z, t)Eˆsig(z, t)ei
∆
2 t. (SI11)
Here, Qˆij(z, t) =
∑Nz
k=1 Qˆ
(k)
ij (t) and Qˆ
(k)
ij (t) is the coherence operator for the k
th atom in a slice of the ensemble at
position z.
Propagation of EM fields
Propagation of the signal and control fields are determined by the total macroscopic polarization that these fields
experience in the medium. We are interested in single-photon (weak) signal fields. The signal field propagation is
therefore given by the 1-dimensional wave equation(
∂2z −
1
c2
∂2t
)
Eˆsig(z, t) = 4pi
c2
∂2t Pˆsig(z, t), (SI12)
7where
Pˆsig(z, t) = ~
A∆z
Nz∑
i=1
∑
m
[
d1mρˆ
i
1m + dm3ρˆ
i
m3 + dm2ρˆ
i
m2
]
. (SI13)
Similar to the derivation for equations (SI6) and (SI7), and by keeping only terms that oscillate near the frequency
of ωsig, we find,
Pˆsig(z, t) = N~Ec(z, t)
[
κ31Qˆ31(z, t)e
i∆2 t + κ21Qˆ21(z, t)e
−i∆2 t
]
× ei(ωsigt−ksigz), (SI14)
where N is the number density per unit volume. One can simplify Eq. (SI12) to the following first order equation for
the forward propagating component of the signal field,(
∂z +
1
c
∂t
)
Eˆsig(z, t) = iEc(z, t)
[
β31Qˆ31(z, t)e
i∆2 t + β21Qˆ21(z, t)e
−i∆2 t
]
,
where βi1 =
2piN~κi1
c for i = {2, 3}.
We now convert the operators to single excitation wavefunctions, with Eˆsig(z, t)→ Esig(z, t), Qˆ21(z, t)→ Q21(z, t),
and Qˆ31(z, t) → Q31(z, t). Assuming a control field with fixed intensity, applicable for a control field that is long
compared to the signal duration, we can analytically solve Eqs. (1-3) by applying a Fourier transformation F to each
equation. This results in,(
∂z + i
ω
c
)
E˜sig(z, ω) = iEcβ31Q˜31(z, ω −∆/2) + iEcβ21Q˜21(z, ω + ∆/2), (SI15)
Q˜31(z, ω −∆/2) = iκ13E
∗
c
i(ω −∆/2) + Γ3 E˜sig(z, ω), and, (SI16)
Q˜21(z, ω + ∆/2) =
iκ12E
∗
c
i(ω + ∆/2) + Γ2
E˜sig(z, ω), (SI17)
where E˜sig(z, ω) = F{Esig(z, t)}, Q˜31(z, ω − ∆/2) = F{Q31(z, t)ei∆2 t}, and Q˜21(z, ω + ∆/2) = F{Q21(z, t)e−i∆2 t}.
Using equations (SI16) and (SI17), one can rewrite Eq. (SI15) as(
∂z + i
ω
c
)
E˜sig(z, ω) = ik0χ(ω)E˜sig(z, ω), (SI18)
where
χ(ω) =
i
k0
(
c13
i(ω −∆/2) + Γ3 +
c12
i(ω + ∆/2) + Γ2
)
, (SI19)
is the linear susceptibility of the Raman transitions, k0 is the wavevector associated to the central wavelength of the
signal, c13 = κ13β31|Ec|2, and c12 = κ12β21|Ec|2. The expected linear dispersion between the two Raman absorption
lines can be described by,
χ(ω) ≈ χ(0) + ω dχ
dω
+ .... (SI20)
Assuming Γ = Γ2 = Γ3 and c1 = c12 = c13, this results in group delay of,
τg =
L
vg
− L
c
=
k0L
2
dχ
dω
=
k0L
2
2c1(∆
2/4− Γ2)
(Γ2 + ∆2/4)2
, (SI21)
where vg is the group velocity; the commensurate loss, in dB, is,
η =
10k0L
ln(10)
2c1Γ
Γ2 + ∆2/4
. (SI22)
Consequently, this leads to a constant delay per dB loss of,
τ
η
=
ln(10)
20
∆2/4− Γ2
Γ(Γ2 + ∆2/4)
. (SI23)
8Absorption and Dispersion
In addition to our model based on two Raman absorption lines, we can numerically evaluate the real part of
the medium’s response function. Given that the Raman-induced optical depth can be defined as d(ω) = α(ω)L =
−ln (Ionsig/Ioffsig), and α(ω)L = k0LIm (χ(ω)) we can use the Kramers-Kronig relation to evaluate Re (χ(ω)); see Fig. SI 1.
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FIG. SI 1. (Color online) Plot of measured Raman-induced optical depth of the KTP waveguide (red curve). The measured
α(ω) = kIm (χ(ω)) is used to numerically calculate Re (χ(ω)) via the Kramers-Kronig relation (red dashed curve), where k
denotes the wavevector associated to the central wavelength of the signal. The solid (dashed) lines are to show the imaginary
(real) part of the response function based on our model; see text for more detail.
Using the Raman-induced susceptibility χ(ω), which is shown in Fig. SI 1, we can evaluate the signal field
in the frequency domain. The frequency component of the signal field after propagation is given by E˜onsig(ω) =
E˜offsig(ω)e
iL[ω/c+k0χ(ω)/2] where E˜
off (on)
sig is the signal spectral field strength with the control pulse off (on). This is
shown in Fig. SI 2, which is in good agreement with the experimental results.
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FIG. SI 2. (Color online) Plot the output signal spectrum with the control field off (blue curve) and on (green curve). The
red curve is a result of the linear propagation of the signal with the control field off through a medium with a Raman-induced
response of χ(ω) that has been shown in Fig. SI 1.
